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ABSTRACT: In this study, turbulent compressible gas flow in a rectangular micro-channel is numerically investigated. The gas flow 

assumed to be in the subsonic regime up to Mach number about 0.7. Five low and high Reynolds number RANS turbulence models are 

used for modeling the turbulent flow. Two types of mesh are generated depending on the employed turbulence model. The 

computations are performed for Reynolds number up to 19000 and two inlet pressures of 1102 kPa and 499 kPa. The longitudinal 

variations of flow characteristics such as pressure, temperature, Mach number and friction factor are investigated. The experimental data 

are also used for the sake of comparison and to find which turbulence model has the best performance. The results show that the 

turbulence models with wall functions have generally better agreement with the experimental data than those one without wall function. 

The numerical results are different for normal size pipe flow. 
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INTRODUCTION 
One of the main techniques in the enhancement of heat 

transfer during recent decades is utilization of micro-

channels. Some examples are the use of micro heat 

exchangers, micro heat sinks and micro-reactors [‎1-2]. The 

analysis of flow characteristics in micro-channels have been 

the subject of a large amount of experimental and numerical 

studies. One of the main questions in this regard is that 

under what conditions the macroscale rules for fluid flows 

are valid for microscale size. Chen and Kuo [‎3] solved the 

turbulent flow in normal and micro channels with a 

numerical method. They used the Baldwin- Lomax 

turbulence model in their solution and compared the 

numerical results for friction factor with experimental data 

as well as Blusius’s equation. Based on their results for 

normal size tube the calculated friction factor agrees with 

Blusius’s equation, while it is greater than both Blusius’s 

equation and the experimental data for micro channels. 
Murakami [‎4] investigated the effect of compressibility on 

friction factor in laminar and turbulent flow in micro-tubes. 

He found that in turbulent flow the ratio of Darcy-Weisbach 

friction factor, fD, to corresponding value in incompressible 

flow as a reference, is a function of Mach number, while 

this ratio approximately equals to one for Fanning friction 

factor. Matsushita et al. [‎5] examined the turbulent gas flow 

through a micro-tube with hydraulic diameter of 146.76 

µm. Their results show that due to compressibility effect 

the fD is different from Blusius’s equation while the fF 

agrees with it. Yang et al. [‎6] investigated the compressible     
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gas flow through heated commercial microtubes. They 

reported that the heated gas increases the friction factor and 

its effect becomes greater in smaller tubes. 

    Turner et al. [‎7] conducted experiments to investigate the 

gas flow in microchannel. The gases included the N2, He, 

and air which flowed in a micro channel with 5-96 µm 

hydraulic diameter. Their results show that at Ma number 

0.35, the compressibility leads to an increase of 15 percent 

in the friction factor.  

    Hong et al. [‎8] experimentally examined the laminar, 

transitional and turbulent gas flow in microchannels for 

various hydraulic diameters. They measured the local Ma 

number as well as local friction factor for the range 

58<Re<7965. Their results show that the Darcy friction 

factor with flow acceleration loss is higher than the Fanning 

friction factor for both laminar and turbulent flow. In other 

words, for turbulent flows, the values of Fanning factor 

coincides with Blasius’s relation, while Darcy factor is 

higher than it.  

    Kawashima and Asako [‎9] used experimental data for 

friction factor in compressible flow inside micro-channels, 

suggested an equation for the calculation of gas temperature 

in the channel length. Based on this equation, they 

calculated the friction factor for adiabatic flow.  

    Tao et al. [‎10] experimentally investigated the air flow 

behavior and heat transfer characteristics in circular 

microchannels with different channel lengths for the 

Reynolds number in the range of 300–2700. Results of their 

experiments show that both friction factor and Nusselt 

number decreases with the increase of channel length. 

ORIGINAL RESEARCH PAPER 
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 Nomenclature   

  T Temperature (K) 
 

A surface area (m
2
) u,v velocity components in x and y direction (m/s) 

d pipe diameter (m) uτ friction velocity (m/s) 

Dh hydraulic diameter of the noncircular duct (m) x axial direction of flow (m) 

fd Darcy-Weisbach friction factor y
+

 non-dimensional distance from the wall (y
+
= ρuτ y/µ) 

ff Funning friction factor  Greek Symbols 

g gravitational acceleration (m/s
2
) ε dissipation rate of k (m

2
/s

3
) 

H enthalpy (J/kg) λ mean free path of molecules (m) 

k turbulent kinetic energy (m
2
/s

2
) μ molecular viscosity (kg/m.s) 

Kn Knudsen number tμ eddy or turbulent viscosity (kg/m.s) 

L characteristics length (m) ρ Density (kg m
-3

) 

Ma Mach number τ shear stress (N/m
2
) 

p pressure (N/m
2
)  Subscripts 

Prt turbulent Prandtl number (Prt=νt/αt) LRN Low Reynolds Number 

q Heat flux (W/m
2
) RSM Reynolds Stress Model 

Q heat transfer rate (W) SKE Standard k-ε model 

 ̇  internal Heat Source (W/m
3
) SKO Standard k-ω model 

Re Reynolds number (Re=ρVD/µ)   

 
    It is also observed that the value of critical Reynolds 

number is between 1500 and 1700. 

    Rovenskaya [‎11] computationally studied the 3D rarefied 

laminar compressible gas flow in microchannel include a 

90 bend with first order slip boundary condition. It is found 

that the inclusion of a bend in a micro-channel enhances 

mass flow rate, while, it has a local effect and weakly 

affected the global performance of the channel. In other 

words, it turn out to be quite similar to those of a straight 

channel. On the other hand, the slip boundary condition has 

noticeable effect on the global channel performances where 

its disregarding can leads to totally misleading results. 

    Hong et al. [‎12] conducted various experiments on 

turbulent gas flow through rectangular microchannels with 

hydraulic diameter of 146.76 µm and 203 µm. They 

measured the friction factor with constant wall temperature 

and adiabatic flow boundary conditions. Their results show 

that for adiabatic boundary condition, the Fanning friction 

factor agrees with the Blusius’s relation, while it has lower 

values for the case with constant temperature at the wall. 

    Hong et al. [‎13] in a new work, suggested an equation for 

the calculation of average friction factor for gas flow 

through adiabatic micro-channels. Their results show that 

the suggested equation is in good agreement with Moody 

diagram.  

    Hong and Asako [‎14] numerically investigated the 

convective heat transfer of unchoked and choked gas flow 

in micro-tubes for both laminar and turbulent ideal gas 

flows. The numerical methodology is based on the 

Arbitrary- Lagrangian-Eulerian (ALE) method. The Lam-

Bremhorst Low-Reynolds number turbulence model was 

used for turbulent flow in a two-dimensional geometry. 

They proposed a correlation for the prediction of the heat 

transfer rate of the unchoked and choked gas flow in micro-

tubes. 

    Yang et al. [‎15] investigated the effects of 

compressibility on forced convection of subsonic gas flow 

in microtubes with different internal diameters by 

combining experimental data with numerical simulations. 

They used the Lam–Bremhorst Low–Reynolds number 

turbulence model in their numerical solution. Their results 

show that compressibility effects can significantly enhance 

convective heat transfer when the gas flow is heated at the 

walls. This enhancement is more remarkable for microtubes 

with smaller diameters (lower than 200 µm). Also, the 

conventional correlations for normal size ducts can be used 

for gas flow through microtubes when the compressibility 

effect is not significant.  

    Hong et al. [‎16] investigated the flow characteristics of 

gaseous flow through adiabatic microtubes with diameter 

ranges from 10 to 500 µm. They used the Lam–Bremhorst 

turbulence model in their numerical solution. Based on their 

results for turbulent flow in a microtube with smooth 

surface, the Fanning friction factor and the pressure drop 

can be estimated from Blasius’s formul  Shui et al. [‎17] 

investigated the flow and heat transfer characteristics in a 

tree-like branching microchannel designed for a gas turbine 

blade cooling. Based on the experimental and numerical 

results, they found that in the laminar flow region both 

friction factors are higher than the classic correlation 

values, while they have lower values in the turbulent 

region. In the turbulent flow regime, they used the SSG, 

standard k-ε and RNG k-ε turbulence models. They 

assumed an incompressible and steady flow in their 

numerical solution. Asako et al [‎18] numerically 

investigated the jump condition for turbulent slip flow in a 

quasi-fully developed region of micro-channel with 

constant wall temperature. The air was assumed to be an 

ideal gas with constant density over the cross-section. The 

turbulent velocity profile was approximated by the three-

layer model of Von Kármán. 
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    Li et al [‎19] investigated the heat transfer and pressure 

loss of air turbulent flow in channels with miniature 

structured ribs on one wall. They applied both experimental 

and numerical methods and used a LRN k-ε turbulence 

model in the numerical solution with air having constant 

properties. The experiments show that the W-ribbed 

channel leads to the globally averaged Nusselt numbers, 

overall Nusselt numbers and friction factors of 2.2–2.6, 

2.9–3.3 and 2.5–3.7 times those of a smooth channel, 

respectively, which are higher than those of the V-ribbed 

channel.  

    As reported above, studies on the turbulent compressible 

gas flow through micro-channels needs further 

investigations especially in the numerical simulations. 

These studies, usually focused on the calculation of friction 

factor, Nusselt number, compressibility effect and slip 

boundary condition. It seems that some shortcomings in this 

regard which lead to discrepancies with experiments are 

due to the employed turbulence models. It should be noted 

that, numerous turbulence models are suggested so far, but 

they are valid only for a specific range of flow conditions. 

In this study, several RANS turbulence models, which 

usually applied in the CFD simulations, are used to 

simulate the turbulent compressible gas flow in a 

microchannel. The reason for this is that the performance of 

these models is investigated for the above mentioned 

conditions. These models include both low and high 

Reynolds turbulence models. The solution is carried out as 

3D in a rectangular micro channel. 

 

GEOMETRY AND FLOW CONDITIONS 
    The schematic of the flow geometry and related 

boundary conditions are shown in Figure 1. 

 

 
Fig. 1. The schematic of the flow geometry and boundary conditions 

 

    The height, width, and the length of the micro channel 

are based on the experiments of Hong at al [‎12] and equal 

to 112.7 µm, 1020 µm and 26.9 mm, respectively. It should 

be noted that due to the flow symmetry, only one quarter of 

the geometry has been taken into account, as shown in 

Figure 2. Thus, the equations are solved in a three-

dimensional Cartesian coordinate system. The uniform 

pressure is used as the inlet and outlet boundary conditions. 

The flow is considered to be adiabatic, i.e. zero heat flux is 

assumed as the wall thermal boundary condition.  

 
Fig. 2. Domain Cross section to be considered for numerical simulations  

 

GOVERNING EQUATIONS 
    In order to determine the flow regime in micro channels, 

the Knudsen number, Kn, is used. The Kn implies the 

rarefaction of gas flow and defined as the ratio of mean free 

path of molecules, λ, to characteristic length of the flow 

geometry, L, as follows [‎20].  

 

   
 

 
 

 

(1) 

 

    In the case of a rectangular microchannel the 

characteristic length is considered to be the hydraulic 

diameter (Dh). The mean free path for N2 gas is 0.066 µm 

and the characteristic length of the micro channel is Dh 

=203 µm in the current study.  

    As a result, the Kn equals to 0.000325 which is less than 

0.001. This means that the regime of the flow can be 

considered as continuous. Thus, the Navier-Stokes 

equations are valid and the no slip conditions should be 

applied at the wall. It is also, confirmed with the following 

relation based on the two flow charactristics of Reynolds 

and Mach numbers [‎20]. 
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    The basic governing equations including the 

conservations of mass, momentum and energy, together 

with transport equations modeling the turbulence, are 

employed to model the flow. For steady flow, the 

conservation of mass states that 

 

  (  ̅)    (3) 

 

    For turbulent flows, using the Reynolds time averaging 

method, the momentum equation yields to: 

 

  (  ̅ ̅)      ̅      ̅    (   
   

 ̅̅ ̅̅ ̅) 
 

(4) 

 

Where 

 

ji k
i j t ij ij

j i k

uu u2 2
u u k

x x 3 x 3

  
          

    
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    where the symbols with primes denote the fluctuation 

components of the corresponding quantities. 

    In this study, five turbulence models are used to simulate 

the turbulent flow. These models are standard k-ε (SKE), 
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standard k-ω (SKO), SST k-ω, transition k-kl-ω, and 

Reynolds stress or RSM model. Some of these models, i.e. 

SKE and RSM, use the wall functions to calculate the 

quantities in the near wall region while others use damping 

functions instead.  

    All above mentioned models are based on the Reynolds 

average Navier-Stokes (RANS) approach and have 2 to 7 

equations which should be solved separately. The k-ε type 

models are based on turbulent kinetic energy rate (k) and 

the rate of its dissipation (ε) which introduced by Launder 

and Spalding [‎21], while the k-ω type models consist of 

turbulent frequency (ω) instead of turbulent dissipation rate 

which is mainly due to the attempts of Wilcox [‎22].  

    The RSM model which is the most complicated model 

with seven equations in 3D solution, solves one equation 

for each Reynolds stress and is generally more accurate.  

    The energy equation in terms of temperature will be in 

the form of 

 
 

   

(    )  
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    For flow conditions of this study, the maximum pressure 

and temperature of nitrogen gas take places at the inlet of 

channel which are 1102 kPa and 295 K, respectively. The 

corresponding critical values for pressure and temperature 

of N2 are 33.9 kPa and 126.2 K [‎23]. As a results, the 

compressibility factor for these conditions becomes Z≈0.99 

which approximately equals to 1. Thus, the ideal gas 

equation of state can be used at the present study as 

follows. 

 

      (7) 

 

    In order to calculate the friction factor, the following 

relation is applied [‎12]. 
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    Moreover, in order to comparison the numerical results 

the Blusius’s relation for the friction factor is used in 

addition to the experimental data as follows, 

 

               (9) 

 

METHOD OF SOLUTION 
    In order to solve the governing equations, the ANSYS-

FLUENT version 18 is used.  

    The finite volume method is utilized to discretize the 

nonlinear equations [‎24].  

    Also, the SIMPLE algorithm is applied alongside the 

staggered grid to simultaneously solve the velocity and 

pressure equations. In addition, the second order upwind 

scheme is used to approximate the flow field variables in 

the discretized convective terms in transport equations.  

    The under-relaxation factors are set to default values in 

FLUENT. The convergence criteria assumed to be 10
-6

 for 

all variables. 

 

MESH INDEPENDENCY 
    In order to reach grid independency, the solution is 

obtained for various number of nodes in all directions. The 

velocity magnitude at section 23.3 mm and at inlet pressure 

of 1102 kPa, is used as criteria for mesh independency. As 

mentioned before, two types of turbulence models are used 

in this study. 

    In the first type (high Reynolds number models) there 

exists wall function, while the second type (low Reynolds 

number models) employs damping function. As a result, the 

mesh generation is different which are investigated 

separately as follows.  

 

MODELS WITH WALL FUNCTIONS 
    For these models, the mesh generation should satisfy the 

condition y
+
>13 [‎25]. Due to 3D solution, the mesh 

independency is investigated in three directions separately. 

In each case, the mesh numbers vary in one direction while 

are constant in other directions. The results are obtained by 

using of standard k-ε model and demonstrated in Table 1. 

 
Table 1 

Investigation of mesh independency for models with wall 

function. 

Mesh No. in x Dir. 200 400 800  

Velocity (m/s) 218 215.2 214.8  

Mesh No. in y Dir. 60 120 180 360 

Velocity (m/s) 215.2 211 210.4 210.1 

Mesh No. in z Dir. 20 40 80 140 

Velocity (m/s) 215.2 212.4 210.6 210.1 

 

    As expected, by increasing the mesh numbers, the 

difference between velocity values become smaller. It is 

concluded that a mesh number of 400*180*80 is a good 

choice so that increasing the number of grids does not 

improve the results much further. 

 

MODELS WITHOUT WALL FUNCTIONS 
    For these models (LRN k-ε models), the grids should 

fully cover the flow near the wall, i.e., they are extended up 

to the edge of the wall covering the buffer layer as well as 

the viscous sub-layer. To satisfy this requirement, the 

distance between the first node and the wall is chosen to be 

so small to have y
+
<1 [‎25]. In some studies the criterion of 

y
+
<0.5 has also been used to fulfill the above condition. The 

results obtained by using of standard k-ω model and have 

been demonstrated in Table 2. 
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    For these models a grid numbers of 400*390*100 can be 

considered as final mesh. 

 
Table 2 

 Investigation of the mesh independency for models without 

wall function. 

Mesh No. in x Dir. 200 400 600  

Velocity (m/s) 195.4 192.3 191.9  

Mesh No. in y Dir. 140 280 390 480 

Velocity (m/s) 192.3 198.1 199.5 200.1 

Mesh No. in z Dir. 50 75 100 125 

Velocity (m/s) 187.4 192.3 194.6 195.4 

 

    It should be noted that to capture the large variations of 

flow field variables, a greater number of grids are used 

close to the wall. It is found by trial and error that the 

distances between the calculating nodes are most efficient if 

they grow by a factor of 1.1 as we march away from the 

wall towards the flow centerline.  

 

RESULTS AND DISCUSSIONS 
    Based on the experimental data of Hong et al. [‎12], the 

simulation was carried out for two inlet pressure of 1102 

kPa and 499 kPa at various cross sections listed in Table 3.   

 
Table 3 

 Sections at which the simulations have been carried out. 

Section S1 S2 S3 S4 S5 S6 

L(mm) 0 3.3 8.3 13.3 18.3 23.3 

 

    The results for longitudinal variations of pressure in 

micro-channel length have been shown in Figures 3 and 4 

for two inlet pressures, respectively. 

 

 
Fig. 3. Longitudinal variations of pressure for inlet pressure 1102KPa 

 

    The experimental data of Hong et al. [‎12] are also shown 

for the sake of comparison. As can be seen, as a result of 

friction the pressure drops where its variations is not linear 

due to flow compressibility. It is found that, the RSM 

model with average errors equal to 0.99 % and 0.8 % has 

better agreement while the transition k-kl-ω with average 

error of 12.3 % and 4.99 % has the worst prediction among 

all other models with respect to the experimental data. The 

results of SKE model are also in good agreement with the 

experiments. 

 

 
Fig. 4. Longitudinal variations of pressure for inlet pressure 499KPa 

 

    In Figures 5 and 6, the variations of gas temperature have 

been shown for two inlet pressures.  

 

 
Fig. 5. Longitudinal variations of temperature for inlet pressure 1102KPa 

 

 

 
Fig. 6. Longitudinal variations of temperature for inlet pressure 499KPa 
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    As a result of pressure reduction in the channel length, 

the temperature decreases. 

    In this cases, the RSM and SST k-ω models both with 

average errors of 0.22 % for pressure 1102 kPa and the 

SKE model with 0.12 % error for pressure 499 kPa have the 

best performance while the transition k-kl-ω with average 

error of 3.12 % and 2.15 % is the worst model to evaluation 

the experimental data. 

    The variations of Mach number at two inlet pressures of 

1102 kPa and 499 kPa are plotted in Figures 7 and 8, 

respectively. Similar to velocity, the Ma number increases 

with channel length. 

 

 
Fig. 7. Longitudinal variations of Mach number for inlet pressure 

1102KPa 

 

    As can be seen, the k-ω and the RSM models with 

average error of 1.9 % and 2.36 % are the best models, 

respectively. Again, the transition k-kl-ω with error equal to 

18.97 % and 20.97 % has the worst prediction of Ma 

number between all turbulence models against the 

experimental data. 

 

 
Fig. 8. Longitudinal variations of Mach number for inlet pressure 499KPa 

 

    Based on the applied pressures on two ends of the 

channel the mass flow rate of gas obtained with various 

turbulence models are presented in Table 4. As it is 

expected, once the pressure difference increases, the mass 

flow rate grows as well.  

 
Table 4 

 mass flow rate obtained from various turbulence models. 

Turbulence model 
Mass Flow Rate (g/s) 

P=1102 kPa P=499 kPa 

k-ε 0.0403 0.0167 

k-ω 0.0431 0.0181 

k-kl- ω 0.0415 0.0196 

RSM 0.0390 0.0160 

Transition SST 0.0395 0.0184 

 

FANNING FRICTION FACTOR  
    As mentioned before in the introduction, based on the 

previous studies, the Fanning friction factor i.e. Equation 8, 

for turbulent flow in microchannels agrees with the famous 

relation of Blasius. In this study, the friction factor at two 

segments of S4-S5 and S5-S6 are calculated and compared 

with Blasius’s relation. Figure 9 to 12 shows the results for 

two inlet pressures of 1102 kPa and 499 kPa.  

 

 
Fig. 9. Comparison of friction factor for section S4-S5 at inlet pressure 

1102 kPa 

 
Fig. 10. Comparison of friction factor for section S5-S6 at inlet pressure 

1102 kPa 
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Fig. 11. Comparison of friction factor for section S4-S5 at inlet pressure 

499 kPa 

 

 
Fig. 12. Comparison of friction factor for section S5-S6 at inlet pressure 

499 kPa 

 

    It is found that, the Standard k-ε model with minimum 

error in all states has the best evaluation while the transition 

k-kl-ω has the maximum error to predict the friction factor. 

The details of errors for these two models are listed in 

Table 5. 

 
Table 5 

The error values for the best and the worst predictions for friction 

factor (percent) in comparison to Blasius’s relation. 

 Figure 9 Figure 10 Figure 11 Figure 12 

SKE model 2.02 0.59 5.87 5.15 

k-kl-ω model 197.35 101.93 75.07 112.22 

 

RESULTS FOR NORMAL SIZE PIPE FLOW 
    In order to further investigate the effect of turbulence 

model on the compressible flow, in this section, the 

simulations are performed for a normal size tube with 

internal diameter of 1 cm and length of 1.35 m. The 

pressure at the pipe inlet is considered to be 200 kPa and 

atmosphere at the exit.  

    The Fanning friction factor for the segment 0.8 m to 1.2 

m of the pipe is computed and compared with Blusius’s 

relation. 

    The results are shown in Figure 13. As can be seen, the 

k-ω model has better prediction among other turbulence 

models while it has at least an error of 10 percent for 

microchannel.  

    Again, results of the k-kl-ω model deviates considerably 

from experimental data. The k-ε model also has a good 

agreement with the Blasius’s relation. 

 

 
Fig. 13. Comparison of friction factor for inlet pressure of 200 kPa for 

normal size pipe flow 

 

Flow characteristics 
    In order to better understand the physics of the turbulent 

flow, in this section, some flow contours are plotted. These 

includes contours of velocity, turbulent viscosity and 

turbulent kinetic energy which are shown in Figure 14a, b, 

and c.  
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Fig. 14. Contours of some turbulent flow characteristics, (a) velocity (m/s), 
(b) turbulent viscosity (kg/m.s), and (c) turbulent kinetic energy (m2/s2) 
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    For this reason, the results obtained by the k-ε turbulence 

model at section L=23.3 mm and at inlet pressure of 1102 

kPa are used.  

    It should be noted that, as mentioned in section two, 

Geometry and Flow Conditions, due to the flow symmetry 

only one quarter of the geometry has been considered to be 

solved, as shown in Figure 2.    

    As can be seen, the turbulent viscosity has its maximum 

values near the shorten walls of the channel where the 

secondary flows are formed.  

    In the other hand, the maximum of turbulent kinetic 

energy take places near the walls in in the log-law layer 

where the velocity variations is large. 

 

CONCLUSIONS 
In this study, the subsonic turbulent flow of nitrogen gas is 

simulated using CFD methods. Five low and high RANS 

turbulence models are used to model the turbulent flow. 

The simulations have been carried out using three 

dimensional model in a rectangular microchannel. The 

following conclusions may be derived from this study. 

1- Generally speaking, the Standard k-ε model with 

standard wall function has the best evaluation of 

flow characteristics such as pressure, temperature 

and friction factor, among all turbulence models 

applied. The error for this model is less than 6 

percent for all flow conditions.  

2- The transition k-kl-ω model without wall function 

has the largest errors with respect to other 

turbulence models in comparison to experimental 

data. The maximum error is greater than 100 

percent for some flow conditions, i.e. calculation 

of friction factor. Thus, this model is not 

recommended for flow conditions of the present 

study. This is true for both micro and normal size 

channels. It seems that this model is not suitable 

for compressible flow.   

3- The Standard k-ω and the transition SST k-ω 

models without wall function, have generally less 

precision with respect to k-ε model for 

compressible flow in microchannels, especially for 

calculation of friction factor. However, the 

Standard k-ω model evaluate the friction factor for 

normal size pipe more accurately.  

4- The RSM model has acceptable results for all flow 

conditions applied here. The maximum error for 

this model is about 13 % which take places in 

normal size pipe flow. It has a difference about 9 

% with Basius’s relation for micro-channel 

simulations.  
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